Soil salinization is one of the severe land-degradation problems due to its adverse effects on land productivity. Each year several hectares of lands are degraded due to primary or secondary soil salinization, and as a result, it is becoming a major economic and environmental concern in different countries. Spatio-temporal mapping of soil salinity is therefore important to support decisionmaking procedures for lessening adverse effects of land degradation due to the salinization. In that sense, satellite-based technologies provide cost effective, fast, qualitative and quantitative spatial information on saline soils.
Introduction
Soils play a significant role in understanding and solving the worldwide environmental issues including climate change effects, food and water security, land degradation and impact of habitat loss on species (Arrouays et al., 2017; İmamoğlu & Sertel, 2016; Gazioğlu et al., 2010) . Therefore, assessment of soil properties like soil salinity is crucial for land sustainability at local and regional scale (Grunwald et al., 2015) . In arid and semi-arid regions of the world, soil salinization is one of the main drastic phenomena due to its adverse effects on land productivity and plant growth. As population is increasing rapidly, demand for supplying food is rising; however, plenty of cultivated land is deserted because of primary and secondary soil salinization. Salt expansion in soil due to natural processes containing physical or chemical weathering and its movement from parent material, geological deposits or groundwater is known as primary salinization. On the contrary, secondary salinization is introduced by human interventions (Barut, 2015; Daliakopoulos et al., 2016; Gazioğlu, 2018; Esetlili et al., 2018) . On the other hand, traditional irrigation methods and inadequate drainage systems can be addressed as the two main humaninduced reason of secondary salinization (Gorji et al., 2017) that adversely impact almost 20% of irrigated land worldwide (Mayak et al., 2004) . Metternicht and Zinck (2003) highlighted that around 955 million ha of land in the world is salinized due to primary salinization, and approximately 77 million ha is affected because of secondary salinization.
Soil salinity is among the common soil characteristics that effects agricultural production, and it causes severe worldwide environmental problems particularly in arid and semi-arid areas. In these regions, precipitation is inadequate to keep natural percolation of water within the soil profile, and thus, it leads to accumulation of soluble salts in soil with negative effect on soil structure (Mulder et al., 2011; Ülker et al., 2018) . It is considered that nearly all continents of the world are facing soil salinization problem, albeit dry regions are naturally more affected than humid ones due to low precipitation International Journal of Environment and Geoinformatics 6(1): 33-49 (2019) Reaserch Article How to cite: Gorji et al. (2019) . Remote sensing approaches and mapping methods for monitoring soil salinity under different climate regimes, International Journal of Environment and Geoinformatics (IJEGEO) , 6(1): 33-49. DOI: 10.30897/ijegeo.500452 rate and high evaporation which leads to limited leaching of soluble salts through the soil profile (Zinck & Metternicht., 2008) . Matinfar et al. (2013) underlined that especially traditional irrigation methods exacerbate soil salinization and deteriorate soil quality, and correspondingly destructive impacts of soil salinization on seed germination restrict plant growth. In addition, saline soil prevents water intake to plants from root zone due to diminishing osmotic potential of soil water (Bhatt et al., 2008) . Increasing demand for food supply due to rapid population growth will result in more change of dry lands to agricultural land in future, and as a consequence, salinization hazard will extend due to irrigation. Therefore, temporal monitoring and assessment of saline soil is highly important for reducing its adverse effects like land degradation and diminishing crop yields (Allbed & Kumar, 2013) .
Traditional field-based soil salinity measurement methods constrain particular and continuous monitoring of saline soils since those methods are limited in time and space, and can only provide point-wise information. Spatio-temporal mapping of soil salinity is significant to support decision-making procedures for diminishing adverse effects of soil salinization. In that sense, satellite-based technologies provide cost-effective, fast, qualitative and quantitative spatial information on saline soils (Gorji et al., 2017a; Gorji et al., 2018) . Remotely sensed data is an efficient data source to produce variety of salt-affected soil maps in conjunction with field measurements. As such, soil analysis by utilizing modern technological tools of Remote Sensing (RS) and Geographical Information System (GIS) provides a valuable resource inventory related to the well-being of land especially those allocated for agricultural production (Manchanda et al., 2002) . RS tools such as aerial photography, videography, infrared thermometry, RADAR and LIDAR imagery and especially multispectral scanners, have contributed remarkable development of algorithms and models for mapping and assessing of soil salinity (Abbas et al., 2013a; Gorji et al., 2017b; Büyüksalih & Gazioğlu, 2019) . Utilizing multispectral RS data has considerably improved monitoring of soil salinity; however, transformation procedure is required prior to accurate change detection since identifying changes in two different periods of time include uncertainties in terms of probability, nature, and magnitude of the variations, and it can be recognized using expert knowledge as pointed out by Metternicht & Zinck (2003) . Hyperspectral RS data is another widely used source for soil salinity detection since considerable amount of information can be extracted due to high spatial and spectral resolution of these data (Justin and Suresh, 2015) . Specifically, hyperspectral imagery can contribute to accurate soil salinity mapping in regions with vegetation cover of salt tolerant plants because of its capability to differ halophytic plant cover from nonhalophytes. Knowledge of understanding salinity impacts on spectral reflectance of both soil and vegetation is a primary key for utilizing hyperspectral imagery to map saline regions (Dutkiewicz, 2006) . Pixel-by-pixel basis detection of spatial variation in soil salinity can be performed also by using airborne remote sensing. This possibility has high significance particularly for faraway and remote regions; since it can contribute information on environmental changes (Goldshleger et al., 2010) . One of the main restrictions of using RS data for mapping salinity is linked with high vertical, spatial and temporal changes of salinity in different layers of the soil. Despite, remotely sensed data cannot provide information from entire soil profile due to observing only the surface area (Mulder et al., 2011) . Spectral response behavior of salt-affected soil is the primary factor for acquiring information from RS data. Visible and near-infrared spectral bands are more sensitive to detecting saline soil since there is a significance reflectance in these bands in comparison with spectral reflectance of soil in a farmland unaffected by salinization (Ding et al., 2011; Gorji et al., 2015) . Several parameters including salt content, soil moisture content, color and texture affect spectral reflectance of soil. As such, RS tools can provide information on the presence of salinity directly on barren land and indirectly on vegetated areas according to the characteristics of vegetation. Various salinity and vegetation indices have been created by combination of spectral bands for detecting salt-affected regions, and they have been examined with different outcomes. Indeed, selecting and utilizing a specific index may not achieve the best result in all cases, since level of salinity and extent of vegetation cover is different for each case study (Allbed and Kumar, 2013) . Acquiring accurate result for mapping soil salinity via RS requires appropriate timing for fieldwork and measurement. Obtaining RS data in parallel to field survey is necessary for checking the validation of the results. In addition, as salt accumulation in the soil is season-specific; a dry season is more suitable for conducting soil salinity studies since in rainy season high amount of precipitation may lead to washing surface salt and diminishing the salinity level in the topsoil (Shrestha & Farshad, 2009 ).
This study summarizes the trends and advances of RS technology for soil salinity monitoring and mapping within the past decade through analyzing 100 case studies from 27 different countries for scientists, engineers and practitioners with the aim of facilitating future studies and researches. In addition, it indicates potential linkage between salt-affected land and the prevailing climatic conditions of the case study areas being examined.
Methodology used
Initially "soil salinity" was used as the main keyword for finding only "articles" that were published in Web of Science (WoS) from January 1, 2007 up to April 30, 2018. Totally, 2702 results were found on utilizing RS techniques for mapping soil salinity in various geographical locations, and is clearly seen that this subject is becoming more common as monitoring soil salinity is the essential step to diminish its adverse effects. In the next phase, 3 keywords namely "remote sensing", "satellite" and "aerial" were added for filtering the results and linking soil salinity to RS technology and all analysis algorithms therein. As illustrated in the flow diagram of the methodology used (Figure 1) , number of articles that were found for "remote sensing", "satellite" and "aerial" keywords are 163, 83 and 32, respectively. After screening and reviewing the results, 100 case studies on RS approaches and mapping methods for monitoring soil salinity were selected. According to the screening criteria applied to select the appropriate articles that fit to the objective of this review article, all the case studies that monitor a specific region and assess salinity condition of the area were selected, and those researches that theoretically examine saline soil were excluded. Selected case studies utilized satellite images or aerial photographs and applied RS mapping methods. Those researches that conducted proximal sensing or implemented only geo-statistical approaches are eliminated. Studies that used soil salinity as a secondary variable for other applications were also excluded from this study. RS based researches were further evaluated regarding to their spatial extent, climate regime, satellite data, mapping methods, sensing approaches and reason of salinity for the selected case studies. Spatial extent of each case study was classified under local or regional categories as well indicating its surface area. Climate regime of the studies was labeled based on Köppen-Geiger climate classification. Climatic combinations described with the Köppen-Geiger classification are ecologically suitable and geographic distribution of the long-term mean climate and associated ecosystem circumstances are mapped by utilizing this climate classification. The classification categorizes climate by a number of specific seasonal, temperature and precipitation regimes based on the combination of seasonal temperature and precipitation values . It is clearly observed that the majority of the selected articles are found to be based on "remote sensing" keyword. In addition, 37 articles are selected for both "remote sensing" and "satellite images" keywords. Among the results found under "aerial photograph" keyword, only 3 fitted to the objective of this article. Out of these 3 selected articles, 2 were similarly found by using all 3 keywords and the other one was a common result for keywords "aerial photograph" and "satellite images". Distribution of the number of published WoS articles that comply with the objective of this review work is shown in Figure 3 where the increasing trend of monitoring soil salinity via RS in the recent years is clearly seen.
Moreover, satellite data and RS mapping algorithms were summarized for each case study to illustrate the trends of RS application for monitoring soil salinity within years. Sensing approaches were categorized according to methods and tools used for obtaining information on saline soil including satellite images, airborne photogrammetry, field measurement and laboratory analysis. In addition, this review work stated natural or human-induced causes of soil salinization in each case study. Studies were further sorted based on their publication year for achieving the developments of RS methods that were used for monitoring and detection of soil salinity within the last decade. A matrix was set up as shown in Table 1 where published year of each selected article together with the study area, spatial extent, climate regime, satellite data, mapping methods, sensing approaches and reason of salinity in each study are the parameters which formed the columns and the information for each case study was sorted according to time in the form of rows. This matrix includes a total of 100 case studies from 27 countries.
The novelty of the work lies on the matrix that was specifically formed for this study by focusing on RS technology as well as on categorizing the case study areas according to their climate regime by plotting each on the Köppen-Geiger climate classification map. Soil scientists, practitioners, engineers, scientists, land planner, decision and policy makers as well as the young researchers could benefit from the compact information compiled in this matrix (Table 1) .
Results and Discussion
Increasing number of studies on detecting and monitoring soil salinity indicates the common interest towards preserving soil fertility and lessening adverse effects of salinization. Specific findings including shared and new mapping techniques, sensing approaches, satellite data and reason of salinity for each case study are summarized in Table 1 . This review work presents that majority of the recent studies preferred to utilize RS technology in comparison to other tools for monitoring soil salinity. Advantages of RS technology in terms of cost, time and manpower that is required for completing a case study outperformed other traditional methods. It is also indicated that minimum field survey and sampling is required for studies that are conducted based on RS technology, since it is necessary to validate RS data with ground truth measurements.
Summary of the selected case studies are sorted based on their publication years from the most recent to the oldest to illustrate the advancement and development of RS algorithms and techniques with time. Some common approaches like utilizing ordinary salinity and vegetation indices, correlation and regression analysis, principal component analysis (PCA), decision tree classification (DTC), partial least square regression (PLSR), maximum likelihood classification have been widely used in the past and still they are also favored in the recent studies.
Especially after year 2011, new salinity indices similar to canopy response salinity index are derived from a combination of spectral bands, and this tendency of innovating new soil salinity and vegetation indices is still on-going. Moreover, application of some models and classification techniques such as support vector machine (SVM), random forest (RF) regression models, neural network model and some other new generated models have been broadly in use in the recent years. This overview points out that selecting appropriate soil salinity mapping approach for each case study is rather based on the availability of data and on the specific condition of that study area; and more importantly, it is crystal clear that there is no best method that can be examined globally. Regarding to the geographical location and spatial extent of the selected case studies, this review reveals that soil salinity monitoring and detection has been surveyed locally and regionally in the 6 continents including more than 25 developing and developed countries. Majority of investigated studies were locally conducted; however, they were large areas underlining the utility of RS technology in monitoring vast areas. Therefore, experiencing soil salinization is becoming a more global concern and many nations are attempting to manage this environmental issue.
This study classifies sensing approaches of the selected studies based on 4 categories namely satellite images, aerial photography, field measurement and laboratory analysis. Except the two studies which utilized aerial photography as sensing approaches, all others applied satellite images, especially multispectral data. In addition, the matrix developed shows that field measurements carried out in most of the studies are usually conducted for correlating the real measured electrical conductivity (EC) values with estimated ones derived from RS mapping approaches. In some cases, laboratory analysis was also performed to provide more reliable data. In terms of data that is applied in each research, this review exposes that multispectral sensors including IKONOS, MODIS, IRS, Huan Jing (HJ)-1A, Quickbird, ASTER, Landsat series, WorldView2 (WV2) and SPOT have been used for exploring soil salinity studies with the aim of detecting, monitoring and mapping saline soils. It can be interpreted that Landsat series have been widely used in comparison to other multispectral data regarding the fact that this data is freely available in the global sense and spanning from 1972 till today. Considering the very high spatial resolution (1m or better) of IKONOS, Quickbird and Worldview-2 and similar type of satellites; these RS data are mostly applicable to analyze small areas in local scale with high spatial details. Temporal resolution of MODIS satellite could provide more frequent observations to monitor soil salinity; however, having moderate spatial resolution (100m or coarser) is a drawback limiting the spatial details that could be obtained. On the other hand, this sensor is highly suitable to monitor large areas specifically at regional scale with repeated images. In addition, satellites with synthetic aperture radar (SAR) such as RADARSAT-1, 2, have been applied for some case studies. Moreover, Table 1 illustrates that EO-1 ALI is also used as hyperspectral imager for detecting soil salinization in some of the studies. . .
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Rise in the groundwater table (Brunner et al., 2007) Geographical coordinates of all selected case study areas associated with monitoring soil salinity via RS technology were plotted on the Köppen-Geiger Climate classification map as shown in Figure 4 . Location of some case studies on the map is so close to each other and when the coordinates of those studies are shown in worldwide scale, they overlapped each other. The map illustrates that majority of the studies conducted in the north hemisphere between latitudes 10°0'0"N and 50°0'0"N. This belt includes the most arid and semi-arid regions of the world. The overview demonstrates that almost 63% of the selected case studies are located in arid and semi-arid regions of the world like Middle East countries, India, China, United States and some European countries where protecting lands from soil salinization and erosion are becoming a major concern for agricultural productivity. In fact, preserving agricultural lands and food supply for rapidly increasing population in these regions is highly troubled.
As shown in Table 1 , the main reasons of soil salinization are investigated for each selected case study. Results indicate that both primary and secondary salinization can be considered as causes of soil salinity. Exploring studies which are performed in arid and semiarid regions of the world points out that high evapotranspiration and low precipitation rates together with the presence of minerals and parent material are the most common primary courses of soil salinization. Despite, in some cases which are located in the coastal regions, seawater intrusion is considered as another reason. Concerning secondary salinization, it is explored that poor agricultural irrigation practices and inappropriate drainage systems lead to accumulation of salts in the soil profile, and also cause rise of groundwater table.
Conclusions and Recommendations
Information on the climate regime and spatial extent of the selected case study areas, sensing approaches, and analysis and mapping methods were summarized to determine the current status of RS technology on detecting soil salinity in this review article. Ecological and economic importance of land has encouraged decision-makers of many countries to utilize RS for monitoring soil properties with the aim of optimizing sustainable land-use, boosting agricultural productivity, lessening drought effects, minimizing soil salinization and preventing soil erosion and compaction. Novelty of this study lies on the fact that geographical location of the selected case studies was plotted on Köppen-Geiger climate classification map for understanding the geographical location of these researches, and more importantly, for recognizing a relationship between soil salinity and climatic zones of case studies. The fact that 63% of the selected case studies are conducted in arid and semi-arid regions of the world indicates that soil salinization is becoming a major concern in many nations especially in such regions, and it is expected to affect countries of arid zones more vigorously and widely in the coming years if no protective measures are taken.
Further analysis and assessment at various levels extending from local to continental scale, are required to cope with the problem of soil salinity and its consequences. The most commonly used and recent RS mapping methods including support vector machine (SVM) method, random forest (RF) regression models, principle component analysis (PCA), partial least square regression (PLSR) analysis, multiple regression analysis, neural network model and various spectral soil salinity indices derived mostly from visible bands of electromagnetic spectrum were summarized. In addition to Landsat satellite systems, recently launched medium resolution satellites with multi-spectral data collection capability such as Chinese Huan Jing (HJ-1A), ESA Sentinel satellites being widely available have a strong potential to be used in soil salinity monitoring and mapping research with their temporal resolution capabilities.
